Established approaches to estimate the number of ribonucleotides present in a genome are limited to the quantitation of incorporated ribonucleotides using short synthetic DNA fragments or plasmids as templates and then extrapolating the results to the whole genome. Alternatively, the number of ribonucleotides present in a genome may be estimated using alkaline gels or Southern blots. More recent in vivo approaches employ Next-generation sequencing allowing genome-wide mapping of ribonucleotides, providing the position and identity of embedded ribonucleotides. However, they do not allow quantitation of the number of ribonucleotides which are incorporated into a genome. Here we describe how to simultaneously map and quantitate the number of ribonucleotides which are incorporated into human mitochondrial DNA in vivo by Next-generation sequencing. We use highly intact DNA and introduce sequence specific double strand breaks by digesting it with an endonuclease, subsequently hydrolyzing incorporated ribonucleotides with alkali. The generated ends are ligated with adapters and these ends are sequenced on a Next-generation sequencing machine. The absolute number of ribonucleotides can be calculated as the number of reads outside the recognition site per average number of reads at the recognition site for the sequence specific endonuclease. This protocol may also be utilized to map and quantitate free nicks in DNA and allows adaption to map other DNA lesions that can be processed to 5´-OH ends or 5´-phosphate ends. Furthermore, this method can be applied to any organism, given that a suitable reference genome is available. This protocol therefore provides an important tool to study DNA replication, 5´-end processing, DNA damage, and DNA repair.
Introduction
In a eukaryotic cell, the concentration of ribonucleotides (rNTPs) is much higher than the concentration of deoxyribonucleotides (dNTPs) 1 . DNA polymerases discriminate against ribonucleotides, but this discrimination is not perfect and, as a consequence, ribonucleotides instead of deoxyribonucleotides may be incorporated into genomes during DNA replication. Ribonucleotides may be the most common non-canonical nucleotides incorporated into the genome 2 . Most of these ribonucleotides are removed during Okazaki fragment maturation by RNase H2 initiated ribonucleotide excision repair (RER) or by Topoisomerase 1 (reviewed in reference 3 ). Ribonucleotides that cannot be removed stay stably incorporated in the DNA 2, 4 and may affect it in both harmful and beneficial ways (reviewed in reviewed 5 ). Besides being able to act as positive signals, for example in mating type switch in Schizosaccharomyces pombe 6 and marking the nascent DNA strand during mismatch repair (MMR) 7, 8 , ribonucleotides affect the structure 9 and stability of the surrounding DNA due to the 2´-hydroxyl group of their ribose 10 , resulting in replicative stress and genome instability 11 . The abundance of ribonucleotides in genomic DNA (gDNA) and their relevance in replication and repair mechanisms, as well as the implications for genome stability, give reason to investigate their precise occurrence and frequency in a genome-wide manner.
RNase H2 activity has not been found in human mitochondria and ribonucleotides are therefore not efficiently removed in mitochondrial DNA (mtDNA). Several pathways are involved in the supply of nucleotides to human mitochondria and to investigate whether disturbances in the mitochondrial nucleotide pool cause an elevated number of ribonucleotides in human mtDNA, we developed a protocol to map and quantitate these ribonucleotides in human mtDNA isolated from fibroblasts, HeLa cells, and patient cell lines 12 .
Most in vitro approaches (reviewed in reviewed 13 ) to determine DNA polymerases' selectivity against rNTPs are based on single ribonucleotide insertion or primer extension experiments where competing rNTPs are included in the reaction mix, allowing the identification or relative quantitation of ribonucleotide incorporation in short DNA templates. Quantitative approaches on short sequences may not reflect dNTP and rNTP pools at cellular concentrations and therefore provide insight into polymerase selectivity but are of limited significance regarding whole genomes. It has been shown that the relative amount of ribonucleotides incorporated during the replication of a longer DNA template, such as a plasmid, can be visualized on a sequencing gel using radiolabeled dNTPs and hydrolyzing the DNA in an alkaline milieu . This method is applicable to virtually any organism given that highly intact DNA extracts can be generated and a suitable reference genome is available. The method could be adapted to quantitate and determine the location of any lesion that can be digested by a nuclease and leaves a 5´-phosphate or a 5´-OH end.
To map and quantitate ribonucleotides in genomic DNA, the method combines cleavage by a sequence specific endonuclease and alkaline hydrolysis generating 5´-phosphate ends at sites where the specific recognition sequence for the endonuclease is located and 5´-OH ends at positions where ribonucleotides were located. Since the generated free ends are subsequently ligated with adapters and sequenced using Next-generation sequencing, it is of importance to use highly intact DNA and avoid random fragmentation during DNA extraction and library preparation. Assessing these reads normalized to the reads at the endonuclease cleavage sites allows a simultaneous quantitation and mapping of the detected ribonucleotides. Free 5´-ends are detected in control experiments where the alkaline hydrolysis of DNA is replaced by treatment with KCl. The acquired data provide insight into ribonucleotide location and quantity and allows analyses with respect to ribonucleotide content and incorporation frequency.
4. Align remaining pairs to the organism reference genome using Bowtie with the command line options -v2 -X10000--best. 5. Map reads that span between the mitochondrial molecule beginning and end by aligning Mate 1 of all unaligned pairs (using Bowtie with the command line options -v2). 6. Determine the count of 5´-ends for all single and paired end alignments. Shift the position of these by one base upstream to the position where the hydrolyzed ribonucleotides were. 7. Export data from the bowtie file format to a bedgraph file format using custom scripts for visualization in common genome browsers.
Normalize the reads for each strand to reads per million. 8. Using the position and counts from the bedgraph file, reference the organism genome sequence to determine the identity of incorporated ribonucleotides. NOTE: For the human mitochondrial genome reads from the regions 16,200-300 and 5,747-5,847 for each strand should be excluded since these regions contain many free 5´-ends unrelated to ribonucleotide incorporation by DNA polymerase γ. 9. Divide the total reads, not including reads at the eleven HincII sites, with the mean number of reads per HincII site to get the number of ribonucleotides per single strand break, (i.e. the number of ribonucleotides per mitochondrial molecule).
. Figure 2B shows the summarized reads at all HincII sites in heavy (HS) and light strand (LS) of human mtDNA after KCl treatment (left panels). Around 70% of all detected 5´-ends localize to the cut-sites, demonstrating the high efficiency of the HincII digestion. Treating libraries with KOH to hydrolyze the DNA at embedded ribonucleotides decreases the number of reads at HincII sites to about 40% ( Figure 2B, right panels) . This is expected since large numbers of 5´-ends are generated at the sites of ribonucleotide incorporation, and is indicative of a sufficient library quality. Figure 2C illustrates the localization and frequency of 5´-ends (green) after KCl treatment and reads generated by HydEn-seq (magenta) after KOH treatment, detecting both free 5´-ends and ends generated at ribonucleotides by alkaline hydrolysis. Free 5´-ends and ribonucleotides localizing to the HS of human mtDNA are shown in the left panel and those localizing to the LS are shown in the right panel. The relative numbers of raw reads at ribonucleotides ( Figure 2D, upper panel) or HincII sites (lower panel) on HS and LS of mtDNA show, respectively, a 14-fold or 31-fold stronger coverage of the LS relative to the HS, while a similar bias was not observed for nuclear DNA. This strand bias may be explained by the distinct difference in base composition of the two strands and illustrates the importance of the normalization to reads at HincII sites.
Normalizing read counts to HincII gives a quantitative measure of the number of ribonucleotides per mitochondrial genome ( Figure 3A) . As illustrated in Figure 3B , the reads after KOH treatment for each ribonucleotide normalized to the sequence composition of each strand show a ratio different than 1, indicating a non-random distribution of reads suggesting a distinct ribonucleotide pattern and a high library quality. That ratio is unaffected by previous digestion with HincII, verifying the enzyme's cleavage specificity. Normalizing the reads at the sites of embedded ribonucleotides to those at HincII cleavage sites, as well as to the genome nucleotide content, generates a quantitative measure of how many of each ribonucleotide are incorporated per 1,000 complementary bases ( Figure 3C ). 
Discussion
Here we present a technique to simultaneously map and quantify ribonucleotides in gDNA, and mtDNA in particular, by the simple introduction of DNA cleavage at sequence specific sites in the genome as an addition to the established HydEn-seq protocol. While this study focuses on human mtDNA, originally the HydEn-seq method was developed in Saccharomyces cerevisiae, illustrating the method's translation to other organisms 12, 16 .
For reliable results obtained from this approach, some critical steps should be noted: (A) Since sequencing adapters ligate to all available 5 -ends, it is crucial to work with highly intact DNA. DNA should be isolated and libraries should be made preferably immediately after DNA isolation, or the DNA can be stored at -20 °C. It is not recommended to store DNA in the fridge for a long time or to repeatedly freeze and thaw it. (B) To generate suitable libraries with this method, it is crucial to perform the KOH treatment of the DNA in an incubation oven, rather than a heating block, assuring homogenous heating of the whole sample and quantitative hydrolysis. (C) Furthermore, it is critical to control the quality of libraries before pooling and sequencing. The DNA should be quantified and analyzed using an automated electrophoresis system to ensure adequate amounts of library DNA, confirm appropriate fragment sizes, and check for primer dimers.
For a meaningful data analysis, it is also important to note that the informative value of this method is dependent on appropriate controls to assess background counts and sequence or strand biases. We routinely achieve a mapping efficiency in KCl samples of close to 70% when only digesting with the sequence specific endonuclease ( Figure 2B , left panels). In addition, it is important to confirm that the endonuclease treatment is not affecting the overall detection of incorporated ribonucleotides by comparing HincII treated and untreated samples ( Figure 3B) . In these experiments, we have used HincII to introduce site specific cuts, though other high-fidelity restriction enzymes could also be used.
The protocol could be adapted to study other types of DNA lesions that can be processed to 5´-phosphate or 5´-OH ends. The accuracy of the results is dependent on the specificity of processing and requires suitable controls (e.g., wild type or untreated) for verification. Moreover, when adapting this method to other applications or for use with other organisms, one should consider that the method in its current setup requires about 1 µg of DNA which is processed to a library. Since the number of ends is dependent on the number of embedded ribonucleotides, which varies depending on the organism or mutant, samples including a lower number of ribonucleotides would require more input DNA to generate a sufficient number of ends in the subsequent library construction. Similarly, if DNA samples have a much higher number of ribonucleotides, it would also require using less input DNA to obtain optimal conditions for ligation, second strand synthesis, and PCR amplification. It is noteworthy that the library construction as described in this protocol also generated data covering the nuclear genome (as displayed in Figure 2D ) and only the data analysis was focused on mtDNA. This illustrates that larger genomes with moderately lower ribonucleotide frequencies are also captured by this method.
When considering this method, certain limitations should be taken into account: Although this method should, in theory, be applicable to virtually any organism, a suitable reference genome is necessary for the alignment of reads. Furthermore, the results obtained from our protocol represent the reads from a large number of cells. Specific ribonucleotide incorporation patterns of a subset of cells cannot be identified by this approach. If ribonucleotides are mapped in larger genomes with a very low number of ribonucleotides, it may be challenging to discriminate ribonucleotides from random nicks and appropriate controls are therefore needed. . These approaches take advantage of the embedded ribonucleotides' sensitivity to alkaline or RNase H2 treatment, respectively, employing Next-generation sequencing to identify ribonucleotides genome-wide, which allows their mapping and the comparison of relative incorporation. By cleaving the DNA sequence specifically, as described above, in addition to alkaline hydrolysis at embedded ribonucleotides, the reads for ribonucleotides can be normalized to those cleavage sites, allowing not only the identification and mapping of ribonucleotides, but also their quantitation for each DNA molecule. The application of our technique in the context of diseases related to DNA replication, DNA repair, and TLS could provide a deeper understanding of the role of ribonucleotides in underlying molecular mechanisms and genome integrity in general.
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